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‘ MODE CONTROL AND OPERATING VOLTAGES

oF

INTERDIGITAL MAGNETRONS

by

Amarjit Singh*

Summarz

A report is given of experiments relating to resonance frequencies and
operating voltages of interdigital magnetrons. Data revealing the dependence
of resonance frequencies on resonator paramaters are reported. It is shown

that an attempt to single out one mode for oper:tion, by short-circuiting certain

! fingers to the opposite face of the cavity, le.¢s to an unsatisfactory mode

k spectrum. On the other hand, placing radial vanes in the cavity enables de-
generate pairs to be separated and all the modes to be accurately controlled.

Results obtained by using this method in operating tubes are given, Experi-

ments with operating tubes show that under a given set of conditions, the first-

and second-order modes can each operate at more than one voltage. The dif-

ferent voltages can be attributed to the excitation of different Fourier compo-

nents of the field configuration

I. Introduction

| In the interdigital magnetron the anode segments consist of fingers joined
alternately to the opposite faces of a cylindrical cavity, When the cavity reso- .
nates, the field pattern produced in the space between the fingers and the cath- ¢
ﬂ ode resembles that of the v -mode of a multicavity magnetron. The field in
the cavity is either independent of the asimuthal coordinate ¢, or goes-through
| one or more complete cycles as ¢ varies from O to 2x. The cor-eaponding
; modes are referred to as the seroth-order mode, first-order mode, etc.
The modes of various orders are well separated from one another in frequency.

*

Formerly of Cruft Labcratory, Harvard University. Now at National
PhynicalyLaboratory. Nev Deylhi, rv.‘ vergity w at Natio

India.
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Hewever, riodes of all orders except the zeroth (hereafter referred to as the
Ligher . .:-ier ...odes) occur in degenerate pairs. Tv'U modes of the same
orde- diffe_ from cach other only in the location of the nodes of E-field in the |

cavity Normaliv the) r frequencies are separated by a small amount due to the

Preo:nce of as* ..we.ries 11 the resonator. If operation is desired in one of the
higher-order modes, it is necessary to separate the two modes of that order
by a sufficient'y large interval, If this is not done, stable operation would not

! be obtained ir. either modz,

In the work reported here, one objective was to control the frequencies of

operation of first-aid second-order modes,.

In the highe: -order modes, the field configuration does not exactly
correspond to the » -mode, since the E-field in the cavity changes sign at
certain locations. In order to make the ''polarity of the fingers alternate

RS 4

regularly all the way around the anode,' Crawford and Hare1 used the ''phase-

reversing anode.'' At each position of zero E-field, two adjacent fingers were l
joined to the same side of the cavity., The two could be made as one broad

finger, called a phase-shifting finger. Thus the order of joining fingers to the

AR

‘
all the modes uy, to th? second order. Another one was to study the electronic !

was expected to ensure operation in only one mode, at one voltage. However
it was found by the author that in spite of the presence of phase-shifting fingers,

operation is possible in more than one mode; and for each mode at more than
one voltage,

; IO. Mode Control

cavity facee wae raversed 2t the places where the D-{ield changes sign. This
The first step in the design of an interdigital resconator is the choice of
dimensions of the anode and the cavity, in such a way that the resonance
\ frequencies lie in the desired range, and the modes of various orders are
separated by the desired intervals, The second step is the introduction of
asymmetries into the structure, so that the two modes corresponding to each f
higher order are well separated from each other. In connection with the first |
step, the modes of various symmetrical interdigital resonators were studied.

For the second step the effects of two kinds of asymmetries were studied. »
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For the sake of simplicity, the dummy cathode was left out in the first
place. However, it was observed that the insertion of the cathode lowered the
frequency of the zeroth-order mode by about 20 per cent and increased the
frequencies of the first-and second-order modes by about 5 per cent. In the
case of the :zeroth-order mnde, the change depended also upon the structure
into which the cathode leud entered. This is because the zeroth-order mode

couples scrongly to the cathode lead. -- = =

Modes of a Symmetrical Interdigital Resonator

The variation of resonance frequency of modes of different orders with
changes in resonator parameters, was studied with the help of a demountable
resonator, Figure 1l shows a cross section of the resonator, the lower set of
fingers being omitted for the sake of clarity. The cavity was formed by clamping
two face plates F, F against a thick annular disc D. Fingers attached to two
cylinders were inserted through holes in the face plates. The squirrel cage
formed by the fingers was made coaxial with the annular disc by fitting the face
plates and the disc into an outer cylinder C. Two caps completed the resonator.
The parameters of the cavity could be varied by using different annular discs D.
The parameters of the anode could be varied by inserting different sets of fin-

gers through the holes in the face plates. Thus several combinations of anode
and cavity parameters were easily obtainable. The resonance frequencien
were determined by inserting two coupling loops into the cavity, one for {ceding
in power from a test oscillator, and the other for detecting the amplitude of
oscillations. The modes were identified by plotting the field patterns with the
help of a rotating probe. The rectified and amplified output of the probe was
fed to a recording milliammeter,while.the probe was slowly rotated by a motor
having a step down gearbox. The field patterns were thus accurately and
directly recorded.

Graphs of resonance frequency of the different modes, as a function of
resonator parameters, aregiven in Figs, 2 and 3. There, N stands for the
total number of fingers and n stands for the order of the mode. The symbols
for other parameters are explai .ed in Fig. 1. The following general conciu-
sions can be drawn from the data:

st e
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a. There is no general correlation between the wavelengths and the
} B length of the ''folded transmission line'' formed by the fingers, as suggested
by Crawford and Hare. 1

b. Increase of cavity radius reduces the resonance ‘requency and

" - increases the separation of the different modes.

c. The ratio by which the resonance frequency changes for a given l

l variation of cavity radius is smaller for the higher-order modes,

d. Increase of radial thickness of the fingers, or decrease of the
separation between fingers, reduces the resonance frequency, the ratio
- \ being larger for larger cavity radii. It is also seen that a mode separation
' of the order of 40 per cent is obtained by choosing the ratio of cavity radius
to anode radius to be 3:1,

oy
—

Modes of Interdigital Resonator with Shorting Wires at Fingers

In the early stages of this work shorting wires were used to solve the
problem of degeneracy in the higher-order modes. At that time the primary -
interest was in getting only one mode to give steady operation. The second- .
order mode was chosen in preference to the zeroth-order mode, because of ;
its higher frequency and because it does not require cathode decoupling chokesz o
for proper operation, as the latter does. The resonator has 24 ordinary ¥
fingers, and four phase-shifting fingers located at intervals of 90 degrees.
The tips of these four fingers were short-circuited to the opposite face of the
cavity. It was expected that all the modes except the second-order mode with
nodes of E-field at the shorting wires, would become inoperable. In actual
practice the tube could operate at four frequencies, three of which were
separated by intervals of only 4 per cent and 2 per cent respectively. The ’
The frequencies ior a typical tube were 7190, 5180, 4970, and 4880 Mc/s,
respectively. The mode at 5180 Mc/s. gave very much larger power output
than any of the others. It was believed to be the mode in which operation was !

PNy £a
¥ o-o‘..... e
.-1~—

*
-ad
-

b §

P . maMl o

tLns

v

3
intended. The presence of the other two modes very near to it was thus a =8,
serious flaw in the frequency spectrum. In order to remove this flaw, various : %
changes were tried out in the auxiliary structures, such as changes in the fg

cathode lead, output leads etc. The working hypothesis in these earlier
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attempts was that the thr ee modes close together, were modifications of the
second-order mode, caused by resonances in the auxiliary siructures. How-
ever,the frequency spectrum as revealed by cold tests remained practically
unchanged with changes in these structures. Light was thrown on the problem
after the technique of plotting field patterns had been refined sufficiently. The
patterns shown in Fig 4 were obtained for the modes at 5180, 4970, and 4880
Mc/s. In this figure, the locations of phase-shifting fingers are denoted by P,
and the location of the coupling loop is denoted by L. The patterns revealed
that the mode at 5180 Mc/s was a second-order mode with nodes of E-field at
the shourting wires. The field pattern of the mode at 4970 Mc/s showed nearly
gzero E-field in two opposite quadrants. The mode at 4880 Mc/s showed nearly
gero E-field in the second pair of quadrants This led to the conclusion that
these latter two modes were first-order modes They were highly distorted

by the presence of shorting wires, which had raised their frequencies to values
very close to the undisturbed second-order mode.

The shorting wires were cut, and for the first time the frequency spectrum
showed a marked change. The mode at 5180 Mc/s was undisturbed, ai expected.
The modes at 4970 and 4880 Mc/s disappecared, and new ones appeared at 3920
Mc /s and 3230 Mc/s. These were identified from their field patterns as being,

respectively, the first-order and the zeroth-order modes .

As a further test for the hypothesis that shorting wires had raised the
frequencies of the zeroth-and first-order modes, the following experiment
was performed. Four shorting wires were introduced between the two face
plates, all being at the same distance behind the phase -shifting fingers , It ;
was found that the second-order mode split into two parts, one remaining at 4
the original frequency, and the other being at a higher frequency. The fre-
quencies of the zeroth and first-order modes were found to have risen. This
rise could be continuously traced to the vicinity of the undisturbed second-

o
-

. order mode, by putting the shorting wires at smaller and smaller distances 2«3
behind the fingers. Meanwhile, the higher second-order mode went beyond '
the frequency range of the oscillator used for cold tests. It was presumed B%
' to reach the value 7190 Mc/s when the shorting wires were put on the fingers %‘;
iremseives, ;
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Modes of Interdigital Resonator with Vanes in the Cavity

The experiments just described suggested the use of radial vanes in the
cavity for the purpose of solving the problem of degeneracy in higher-order
modes. Cold tests were performed with a resonator made for an operating
tube of the kind described in the last section. Four radial slots were cut in
oneof the face piates, so as to lie behind the four phase-shifting fingers.
Vanes were inserted into these slots and clamped in place. The radial pene-
trations of the vanes could be varied independently. However, radially oppo-
site vanes were always set at symmetrical locations. Figure 5 shows a cross
section of the resonator. The resonance frequencies were determined for all
the combinations of a set of values of dg and dp, where dg was the radial length
of one pair of vanes and dp was that of the other pair.

The results are shown in Fig. 6. It gives graphs of resonance frequencies
versus da with various values of dy, as parameter. It is seen that the frequen-
cies of the zeroth-order mode and of the second-order mode, which ordinarily
has maxima of E-field at the position of the vanes, are increased by an increase
of dy as well as of dp. The frequency of each of the first-order modes is
independent of one pair of vanes, and rises with increase in penetration of the
other pair. The second-order mode, having zeros of E -field at the vanes, is
practically unaffected by both da and dp. In general, insertion of vanes leaves
the resonance frequency of a mode unaltered if the E-field for the undisturbed
mode is zero at the positions of the vanes; the resonance frequency is increased
when the above condition is not satisfied; the rate of increase of frequency with

increase of d becomes larger as d increases,

The graphs also show how five different modes can be located at
convenient intervals, with the help of two pairs of vanes in the cavity. The
five modes are: the zeroth-order mode, the two first-order modes, and
the two second-order modes. By adjusting the difference between da and
dp the separation between the first-order modes can be adjusted. By adjusting
the actual magnitudes of dy and dp the separation between the two second-order
modes can be adjusted. If the various intervals finally obtained are not large
enough , then the basic intervais between the zeroth-, first-, and second-order

modes must bs increased by increasing the ratio of cavity radius to unode radius,
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The field patterns of the two sacond-order and two first-order modes
obtained when vanes are used, are shown in Fig. 7. The distortion in
patterns is much less than when shorting wires were used. Since phase-
shifting fingers are present, a regular field configuration is obtained only
with the lower second-order mode.

Operating Tubes with Vanes in the Cavity |
Figure 8 shows a cutaway view of an operating tube, using vanes for

mode control, One of the pole pieces and a part of the cavity wall have been
removed to show the inner structure. The cathode, the fingers, the cavity,
the vanes, the coupling loop, one pole piece, and the exhaust tube can be seen
in the picture. The anode was prepared by hobbing. The cathode was of the
screen-sleeve type, The dimensions of the fingers and cavity are shown in
Fig. 5. The dimensions of the vanes were chosen on the basis of Fig. 6 and
are given in Table I,

Table I.
Tube Nc, | Dimensions of | Cathode Diameter | Frequencies of Modes Mc/s
Vanes (inches) (Inches) gher|Lower|Higher |Lower
4 d‘ 4 Second|Second First |First
: i Order |Order|Order |Order
‘
’ 24 Shorting wires 0,234 7190 | 5180 | 4970 4880
k ; were used,
26 0.150 0.073 0.234 6570 | 5210 | 4930 4370
g;’;} 0.138 0,073 0.234 6120 | 5210 [ 4780 4370 '
| 4 29 0.138 0,073 0.272 5290 | 4840 4430 )
b l » :
] 23
. : This tables gives data on frequencies obtained with four tubes us’ng vanes, &
( Data on a tube using shorting wires have been included for comparison, The ':
. final intervals obtained with vanes are of the order of 9 per cent compared "
: } with tha intervals of 4 per cent and 2 per cent given by shorting wires, The
' interval cutained with vanes was restricted by the fact that the ratio of cavity

radius to anode radius of the resonator was only 2:1, Figure 3 shows that this
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ratio would give a comparatively amall basic separation between the modes of
various orders,

1II, Operating Voltage of Higher-Order Modes

As the anode voltage applied to an operating tube was increased, keeping
the magnetic field constant, the current varied in a manner shown by Fig, 9.
It is seen that operation in the lower second-order mode and lower first-order
mode is obtained in two distinct ranges of voltage in each case, The same
has been found to be true for the higher first-order mode also, in other cases,
Operation in more than two ranges of voltage for a given mode has been
chserved in some cases. Such observations have been .made with tubes having
shorting wires as well as with those having vanes. It is clear that even in
the lower second-order mode more than one Fourier component can be ex-
cited, in spite ol the presence of phase-shifting fingers. Thus it is of interest
to study the Fourier components of the field configurations of different modes,
with and without phase-shifting fingers.

Fourier Components of the Field Configurations

The azimuthal component E‘(a. ¢) of the E-field ;t the anode, in the
median plane can, in the general case, be written as:

E (a,d) = Z($)cos néP(¢), or Z(4)sinndP(#),

where Z(¢) depends upon the total number of fingers and tke ratio of gap-width
to finger -width, and is of the nature shown in Fig. 10, and n is the order of the
mode; and P(¢) is a function depending upon the number and location of the phase-

shifting fingers, as shown in Fig. 10. Z(¢) can be analysed into its Fourier
components as follows:

Z(¢) = % {sin —;—p.cosM‘ + ;-sin %—;- cos3M¢ +~51- sin g% cos5M¢ + . ..},

where the ratio of gap width to finger widtt is 1/ (p-1), and M is half the total
number of fingers,

When no phase -shifting fingers are present, then for higher-order modes,

Eé (a,d) = Z(d)cosné

% [sin'z'-‘-)- {cos(M+n) d+cos(M-n)‘}
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)} k1.
+ T'in T‘; {cot(3M+n)d + coo(3M-n)&} +...1.

Alternatively

E (n,96) = Z(d)sin n¢

= % [ sin -'ZF {lin(M+n)d - lin(M-n)‘}

+ -}-.m —32'—"{|1n(3M+n)‘ - lin(3M-n)‘}+ EPA, S

Let y represent the number of complete cycles around the anode, for a given
Fourier component. It is seen that when no phase-shifting fingers are present,
Y assumes the values: Mitn, 3Mtn, 5M tn, etc,

The case where four phase-shifting fingers are present is considered next,
If in that case P(¢) is denoted by P4(d). then by Fourier analysis,

P(é) =2 sin2é + 5 sindd + gt sinlO6+ ...

Py(é)eind = Zcond - Zcosdé+ - cossé - 4 cosTé 4 ...
P,(#)cosé = 2 sind + 2 4in3d + 2 sinfé + & sinTé 4 ..,
Pélsin2é = 2 . L cossd -t costs - ...

P4(d)coau = -ﬁ--in“+ I!l%' sinB¢ + 3%‘-; sinl2d + ...

The fnost significant Fourier components of E ‘(u.d) would be obtained from

the product of the first term in the expansion of Z(¢) and the function

cos néR(¢) or sin n‘PAO appropriate to the given mode. The components

given by the subsequent terms in the Z(¢) expansion would have their y and their
exc.tation voltages far removed from those corresponding to the first term. e

Taking unity as the coefficient of this first term, and expressing the products
as sums and differences, one obtains:

P,(é)cosMé = —f- {muu 2)¢ - m(u-zu} + ,%{.m(uwu-m(u-m} ‘...

PA‘)cin‘cMW = -1'- {col(u+l)d+col(u-l)‘} - % {coa()u» 3)d+coo(M-3)d}

+ -i; {coo(“f S)é + coc(u-s)‘} -4 ...
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P4(‘)coaécosM6

n
EN

{-in(M +1)é - sin(M-l)‘} + % {.sin(M +3)¢-lin(M-3)6}
; -;;{sin(m +5)6 - sin(M-S)d} .
P,(d)sin2écosM¢ = 2 cosM¢ - C {cos(M+4)6 + cos(M-4)61]
4 " v

. 1'52"_{“’("‘ + 8)é + con(M-S)d} + ...
PA‘)canécosM‘ = ;:—

\.m(m + 4)6 ~ sin(M-4)é }

+ rss?{lin(M + 8)¢ - ain(M-S)d} +...

The values of y thus obtained from the first term are M+2, M+6, etc. for
the zeroth-order mode; M+tl, M+3, M+5, etc,, for the first-order modes;

M, Mill. Mis. etc,, for one second-order mode; and M<_b_4. MiS. etc, for
the other second-order mode,

The effect of the phase-shifting fingers has been to give y the value M
in one of the second-order modes, However, at the same time, in all the
higher-order modes one pair of components has been replaced by a number

of them, whose amplitude does not fall off so rapidly as to make their ex-
citation improbable,

The foregoing study is helpful in explaining the observed voltages of
operation. For a given mode and magnetic field, the voltage is inversely
proportional to y, to a first approximation. This approximation was con-
sidered adequate because there was uncertainty in choosing values of
voltage from the data for comparison with theory, as each mode of ex-
citation was obtained over a range of voltage., The starting point of each
range was chosen for comparison with theory,

The ifollowing limitations of the above simple theory have to be rec-
ognized. The presence of any irregularities in the geometry of the
resonator would introduce Fourier components not giveiu by the above
analysis, Examples of such irregularities are the coupling loop, as im-
perfectly aligned cathode, and irregular spacing of fingers, Apart from this,
it is to be noticed that for Fourier analysis the range of azimuth over which
the function E‘(a. ¢) was defined was 0 to 2x However, in exciting a given




x =TV W PS - ov——— e - ey

TR179 -11-

field configuration, the electrons need not be in synchronism with the field
over this whole range. The following example illustrates the kind of differ-
ence between simple theory and experiment expected on the above basis. In
the first-order mode, when four phase-shifting fingers are present, a value
of y = M is not given by Fourier analysis. However, an excitation voltage
corresponding to y = M would be possible, if an electron, while giving energy
to the r-f field, could-reach the anode without crossing the two phase-#8hifting
fingers, which lie at the maxima of the E-field.

Explanation of Experimental Results

In these tubes M wes equal to 16, as the tube had 24 ordinary fingers and
four phase-shifting fingera, each one of the latter beire eguivalent to two
ordinary ones. Data were taken on the two first-order modes, and the second-

order mode whose nodal planes were at the phase-shifting fingers. The zeroth-

order mode could not be operated since cathode decoupling chokes were not used.

Operation in the other second-order mode was erratic, since it had eight points
of phase reversal around the anode,.

Table U1 .
Tube Number Mode Magnetic Field Proportions of Reciprocals

in Gauss of Voltages

22 Lower Second 1370 16,0 :17.7: 20.2

22 Lower Second 1920 16,0:18.3:19.9

23 Higher First 1920 16.0 :17.2

23 Lower Second 1920 16.0:18.0

28 Lower Second 1700 16,0:19.9:20.8: 22.0

28 Lower Second 2260 16,0 :17.3:20.1:21.3

29 Lower First 1480 13,3:16,0:19,2

29 Lower First 1700 16,0:19.1:21, 3

29 Lower First 2140 16,0 :19.1

29 Lower First 2610 16,0:19.0

29 Lower Second 1480 16.0 : 20.5

29 Lower Second 1700 16.0 : 20,0

29 Lower Second 2140 16.0 : 20,5

29 Lower Second 2610 16,0 : 20,5

The data given in Table II may be discussed under the following headings:
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a. Within experimental error, the reciprocals of voltages for each mode
} are proportional to numbders in the series, 16, 161, 1612, etc. Table II shows
the actual numbers obtained in the series, 16 being taken as the reference number.

b. The presence of voltages corresponding to y = 16 and 20 in the second- -

order mode and to y = 13, 17, 19 and 2l in the first-order modes is in conformity
with values obtained from Fourier analysis.

c. The presence of a voltage corresponding to y = 16 in the first-order
modes is due to the fact that electrcas can reach the anode by covering only
a small range in azimuth, as already discussed. The assumption that the voltage
corresponds to y = 16, was checked by using the voltage for y = 16 in the second-
order mode as reference, The voltages were found to be directly proportional
to the frequencies to within 1 per cent, as would be expected when y is the same
for the two cases,

d. The occasional presence of voltages correspnnding to other valucs of
Y may be ascribed to irregularities in the structure, which would modify the
‘} - field and so introduce additional Fourier components,

e. The consistent absence of a voltage corresponding to y = 17 from the .
\ lower first-order mode is understandable, since the same order of voltage
can excite the y = 20 component of the lower second-order mode; and the latter

appears to be more easily excited,

IV. Conclusions

“ By proper choice of the ratio of cavity radius to anode radius cf a2z inter-
digital resonstor, a basic separation of 40 per cent or more can be obtained
between modes of various orders. Operation in only one mode cannot be en-
sured by short-circuiting those fingers to the opposite face of the cavity at which
the E-field of the desired mode vanishes, The frequencies of other modes
increase, but the modes may still be operable., The frequency spectrum can
become quite confusing as a result of this, Sensitive control over the various
modes can be obtained by introducing radial vanes in the cavity, By proper
choice of the radial penetration of the vanes not only can the degenerate pairs

of modes be separated out, but also all the modes can be accurately located
at equal intervals,
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The field configurations of these modes resemble that of the v -mode in

a muiticavity magnetron. However, in the higher-order modes, since an

Ll RS

additional cyclic variation with ¢ is superimposed over the n -mode configu-
ration, the Fourier components occur as nearby pairs. This would give rise
to two nearby voltages of operation for each mode, only one pair of components
being of importance. Phase-shiifiing fingers do not ensure that operation would
be obtained at only one voltage for one mode, or that the other modes will be- ;
come inoperative. In fact, with phase-shifting fingers, several components,
close to one another, are obtained instead of a pair of themn, for each mode.
Thus, phase-shifting fingers are of doubtful advantage.

Before the advantage of a number of well-separated, easily controlled
modes can be exploited, the problem of voltages of operation for the higher-
order modes will have to be studied further. One apgproach would be to increase
the number of fingers, without using phase-shifting fingers. The percentage
separation of the two components would thus be reduced. Considering the fact
that operation at a voltage corresponding to y = M is also possible, ir addition
to that in whieh y = M+n, it appears possible that all three ranges may merge
into one continuous range, especially for n =1, In this way, at least three modes
of operation may be obtained, in three d.iatinct'rangee of voltage; namely, the
geroth-order and the two firat-order modes,
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